Imatinib targets Bcr-Abl, the causative event of chronic myelogenous leukemia (CML), and addresses leukemic cells to growth arrest and cell death. The exact mechanisms responsible for imatinib-induced cell death are still unclear. We investigated the role of poly(ADP-ribose) polymerase (PARP) activity in imatinib-induced cell death in Bcr-Ablpositive cells. Imatinib leads to a rapid increase of poly(ADPribosyl)ation (PAR) preceding loss of integrity of mitochondrial membrane and DNA fragmentation. The effect of imatinib on PAR can be mimicked by inhibition of phosphatidylinositol 3-kinase (PI3-K) implicating a central role of the PI3-K pathway in Bcr-Abl-mediated inhibition of PAR. Importantly, inhibition of PAR in imatinib-treated cells partially prevented cell death to an extent comparable to that observed after caspase inhibition. Simultaneous blockade of both caspases and PAR revealed additive cytoprotective effects indicating that both pathways function in parallel. In conclusion, our results suggest that in addition to the well-documented caspase-dependent pathway, imatinib also induces a PARP-mediated death process.
Introduction
Chronic myelogenous leukemia (CML) is caused by Bcr-Abl, a fusion protein generated by a reciprocal translocation between chromosomes 9 and 22.
1 Bcr-Abl is a constitutively active tyrosine kinase phosphorylating a variety of substrates that are key elements of multiple signaling pathways, among others phosphatidylinositolol 3-kinase (PI3-K/Akt), and the mitogen-activated protein kinase (MAPK) pathway. 2, 3 Bcr-Abl thereby leads to a reduced growth factor dependency, [4] [5] [6] alters adhesion properties to bone marrow stroma, [7] [8] [9] protects cells from apoptosis in the absence of external growth factors, [10] [11] [12] [13] and leads to an increase of spontaneous and DNA damage-induced mutation frequency.
14 Imatinib mesylate (STI571, Gleevec s ), a specific tyrosine kinase inhibitor of Bcr-Abl, has been used successfully for the treatment of CML. 15 In vitro, imatinib blocks antiapoptotic functions of BcrAbl and reverses growth factor independence. 16 The molecular mechanisms underlying the induction of cell death by imatinib in Bcr-Abl-positive cells are incompletely understood. Imatinib causes downregulation of antiapoptotic Bcl-X L and XIAP. 17, 18 Cell death upon imatinib exposure is also partially dependent on p53 function. 19 In addition, activation of effector caspases also accompanies cell death induced by imatinib. 20 Finally, very recent data show that imatinib induces a caspase-independent, necrosis-like programmed cell death mediated by a serine protease activity. 21 However, blocking one of these pathways is not capable of completely inhibiting the cell death after treatment with imatinib. 19, 21 Therefore, it seems likely that different pathways exist in parallel which are involved in cell death caused by Bcr-Abl kinase inhibition.
Poly(ADP-ribosyl)ation (PAR) driven by the enzymatic activity of poly(ADP-ribose) polymerase (PARP) is a major mediator of cell death after exposure to a variety of DNA damage-inducing agents. 22 PARP is rapidly activated by DNA strand breaks catalyzing the transfer of the ADP-ribose moiety from the co-enzyme NAD þ to a number of nuclear acceptor proteins. 22 The NAD þ pool is largely compartmentalized within the mitochondria, 23 and the depletion of NAD þ due to PARP activation might then cause alterations of the mitochondria. 24 Aside from the established role of PARP in necrotic cell death after excessive DNA damage, precocious and transient PARP activation is also actively involved in apoptotic processes. In immortalized embryonic mouse fibroblasts, PARP has been shown to be essential for translocation of apoptosis-inducing factor (AIF), 25 a mitochondrial proapoptotic protein that induces chromatin condensation and DNA fragmentation in a caspase-independent form of apoptosis. 26 In this cellular system, the presence of a PARP inhibitor but not the inhibition of caspase activity completely prevents cell death. Therefore, it seems likely that PARP plays an essential role for DNA damage-induced apoptosis.
In addition to its role as a DNA damage sensor, PARP also binds to undamaged DNA structures 27 and is involved in physiological regulation of cellular functions. Recent studies propose a role of PARP in the regulation of gene transcription. 28 Moreover, experimental evidence has been published supporting the view that PARP-catalyzed PAR is involved in cell death processes other than DNA damage-induced cell death: Treatment of human squamous KB cancer cells with interferon a resulted in a stimulated PARP activity leading to an increasing PAR synthesis. 29 We therefore hypothesized that PARP activity may play a role for imatinib-induced cell death in Bcr-Abl-positive cells.
Results
Inhibition of Bcr-Abl with imatinib leads to a rapid and massive increase of PAR in human and murine Bcr-Abl-positive cell lines
To investigate the effect of imatinib on PARP activation, different human and murine Bcr-Abl-expressing cell lines were incubated with imatinib for the indicated time points. In all cell lines, we observed a substantial and rapid increase of poly(ADP-ribosyl)ated proteins ( Figure 1 ). The kinetics of PAR formation differed between the cell lines starting after 6- Figure 1b , the addition of PJ34 to the culture medium led to a complete inhibition of imatinib-induced PAR formation throughout the observed time period. In addition to the Bcr-Abl kinase, imatinib inhibits a variety of other tyrosine kinases such as c-Abl, the platelet-derived growth factor receptors (PDGFR a and b), 32 and c-Kit, the receptor for stem cell factor. 33 To clarify whether inhibition of Bcr-Abl kinase activity is responsible for PAR induction, we used a 32D cell line transfected with a mutated bcr-abl (BA) variant leading to complete imatinib resistance (32DBAT315I). 34 No increase of PAR formation following imatinib treatment was detected in cells expressing the imatinib-resistant BA variant (Figure 1c , right panel).
Inhibition of the PI3-K pathway but not the MAPK pathway is sufficient to induce PAR formation
The MAPK arm of the Ras pathway and the PI3-K pathway are both pivotal for the antiapoptotic signaling of Bcr-Abl. 35, 36 Inhibition of Bcr-Abl kinase activity by imatinib delays both pathways in Bcr-Abl-positive cells (Figure 2b , upper panel), whereas imatinib had no effects on these pathways in Bcr-Ablnegative cells (data not shown). Therefore, we investigated whether inhibition of one of these pathways is sufficient to induce PAR formation. BaF3BA cells were cultured in the presence of the PI3-K inhibitors LY294002 and wortmannin, the m-TOR inhibitor rapamycin, or the MAPK kinase inhibitor PD98059. As shown in Figure 2a , treatment with the PI3-K inhibitors LY249002 and wortmannin mimicked the imatinibinduced PAR formation. In contrast, PARP activity did not change significantly upon addition of the MAPK kinase inhibitor PD98059 or the m-TOR inhibitor rapamycin along the same time period (Figure 2a ). All inhibitors were effective in the BaF3BA cells, since the inhibitors elicited a significant reduction in phosphorylated Akt, S6 ribosomal protein, or p44 MAPK (Figure 2b ). Neither treatment of cells with LY294002, wortmannin, or rapamycin nor treatment with PD98059 markedly induced apoptosis within the time frame of investigation (data not shown). These results indicate that Bcr-Abl inhibits PAR formation via the PI3-K pathway without participation of the m-TOR arm, whereas modulation of the MAPK pathway is not responsible for the downregulation of PARP activity by Bcr-Abl.
Induction of PAR subsequent to imatinib treatment precedes loss of integrity of mitochondrial membrane, Annexin V binding, and the appearance of DNA strand breaks DNA strand break formation has been considered to be an essential prerequisite for PARP activation. 37 To examine whether imatinib-induced PARP activation depends on DNA damage, we compared the time course of PAR formation with the kinetics of cell death processes following imatinib treatment. We studied in parallel protein ribosylation, loss of mitochondrial membrane potential, Annexin V binding, DNA fragmentation, and PARP cleavage in imatinib-treated BaF3-BA cells at the indicated time points. As shown in Figure 3a , the amounts of poly(ADP-ribosyl)ated proteins increased before the other cell death signs came up. The maximum of PAR formation was detected 2 h after starting imatinib treatment, whereas the other classical apoptotic events showed only a minimal increase up to 4 h and then continuously progressed. In addition, there was no significant loss of ATP during the first 6 h (Figure 3b ). To summarize, we observed a rapid formation of poly(ADP-ribose) polymers following imatinib treatment preceding other apoptotic events such as DNA strand break formation.
Inhibition of PARP activity partially blocks imatinib-induced cell death and leads to an increased clonogenic survival of imatinib-treated cells
It has been shown recently that PARP-catalyzed PAR formation plays the central role in N-methyl-N 0 -nitro-Nnitrosoguanidine (MNNG)-induced apoptosis of immortalized mouse embryonic fibroblasts (MEFs). 25 Pretreatment of MEFs with PARP inhibitors led to a complete prevention of MNNG-mediated cell death, whereas the general caspase inhibitor zVAD-fmk (zVAD) had no effect in this cellular system. 25 To examine whether this PARP-mediated cell death plays also a role in imatinib-treated hematopoietic cells, we analyzed Annexin V binding and propidium iodide (PI) uptake following imatinib treatment in the presence or absence of PJ34. As shown in Table 1 , inhibition of PARP by PJ34 led to a retardation of cell death process induced by imatinib: The Annexin VÀ/PIÀ cell fraction was significantly higher following PARP inhibition. However, the PJ34-mediated protection was incomplete. Surprisingly, this was also true for cell death induced by the DNA-damaging agent MNNG in BaF3BA cells: The degree of PJ34-mediated protection from cell death after MNNG was comparable to that observed after imatinib treatment. Therefore, in this hematopoietic cell system, cell death induced by both growth signal deprivation (imatinib) and DNA damage (MNNG) was only partially blocked by PARP inhibition. This is in contrast to the effect observed in MNNG-treated MEFs. Consistent with the data published by Yu et al., 25 PJ34 completely blocks MNNG-induced toxicity in mouse fibroblasts (Table 1) . Importantly, the concentration of PJ34 used throughout the experiments did not inhibit PI3-K or MAPK pathways (data not shown).
To further clarify the cellular consequences of PARP inhibition in imatinib-mediated cell death, we investigated DNA strand break formation and long-term survival of imatinib-treated cells in the presence or absence of PJ34. DNA strand break formation as revealed by TUNEL was significantly reduced by pharmacological inhibition of PARP Figure 1 Poly(ADP-ribosyl)ation (PAR) is induced by imatinib treatment of Bcr-Abl-positive cells and is dependent on PARP activity. (a) M07BA and MEG-01 cells were treated with imatinib for the indicated time periods. Total extracts were prepared and electrophoretically separated. PAR was detected using a polyclonal antibody recognizing poly(ADP-ribose) polymers. Equal loading was controlled by reprobing with antibodies to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or b-actin. (b) BaF3BA cells cultured in the presence or absence of the PARP inhibitor PJ34 (4 mM) with 1 mM imatinib for the indicated time points were harvested and total cellular extracts were prepared. Equal amounts of proteins were electrophoretically separated prior to immunoblotting with PAR antibody. Equal loading was controlled by reprobing with an anti-GAPDH antibody. (c) 32DBA WT and the imatinib-resistant mutant 32DBA T315I were cultured with imatinib as indicated. Cellular extracts were prepared and equal amounts of proteins were electrophoretically separated prior to immunoblotting using PAR antibody. Equal loading was controlled by reprobing with an anti-GAPDH antibody both in BaF3BA and MEG-01 cells (Figure 4a ). In addition, cells exhibiting a DNA content lower than 2N indicative for imatinib-induced DNA fragmentation were reduced in the presence of PJ34 in BaF3BA (Figure 4b ) and Meg-01 (not shown). To investigate whether this alteration of the death process has an impact on long-term survival of cells, we studied colony formation ability in BaF3BA and MEG-01 cells following pulse treatment with imatinib in the presence or absence of PJ34. After exposure to 1 mM imatinib for 15 h a very small amount of BaF3BA cells survived in soft agar, whereas the addition of PJ34 led to a three times higher cloning efficiency (Figure 4c, left panel) . Similar results were obtained in experiments with human MEG-01 cells following pulse treatment with 3 mM imatinib for 24 h (Figure 4c , right panel). Importantly, the surviving clones remained sensitive to imatinib (data not shown). Therefore, a selection process leading to a selective survival of imatinib-resistant cells is unlikely.
Imatinib-induced cell death is dependent on at least two different pathways
To elucidate the significance of the observed PARP-mediated cell death in comparison to the well-documented caspasedependent mitochondrial apoptotic pathway, we treated 
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BaF3BA cells with imatinib alone or in combination with the appropriate inhibitors for 15 h. The cytoprotective effect of the caspase inhibitor zVAD-fmk (zVAD) was comparable to that observed with PJ34. However, simultaneous inhibition of both caspases and PARP revealed an additive effect on cytoprotection against imatinib ( Figure 5 ). Importantly, in contrast to PJ34, zVAD did not alter PAR formation and the concentration of zVAD was sufficiently high to inhibit caspase 3 activity throughout these experiments (data not shown).
Discussion
This is the first report showing that imatinib induces PAR in Bcr-Abl-positive cells. Moreover, pharmacological inhibition of PARP activity partially prevents imatinib-induced cell death in hematopoietic Bcr-Abl-positive cells to an extent comparable to that observed, for example, after inhibition of caspase activation in the same cells. PAR has been implicated in many important cellular processes such as DNA repair and replication, modulation of chromatin structure, and cell death. 38 Aside from the established role of PARP activation in necrotic cell death, much interest is emerging to understand the precise role of PARP in apoptosis. PAR is known to be induced by stressors such as H 2 O 2 or alkylating agents. 22 In these processes, DNA damage has been considered to be an essential prerequisite for PARP activation. Importantly, DNA damage has not been implicated in the initiation of cell death induced by imatinib in Bcr-Abl-positive cells so far. Our results show that PAR of nuclear proteins starts very early after treatment with imatinib and clearly precedes the appearance of DNA fragmentation as assessed by TUNEL in our cell lines. In addition, DNA fragmentation is significantly reduced in cells treated with PJ34. Therefore, it is unlikely that the protein PAR observed in our experiments is simply a consequence of imatinib-induced DNA fragmentation.
The second novel aspect of our study is that PARP activation is part of the cell death machinery induced by imatinib in Bcr-Abl-positive cells. Interestingly, in hematopoietic cells this pathway seems to play a comparable role both in DNA damage-independent (inhibition of Bcr-Abl) and DNA damage-dependent (DNA alkylation) cell death: pretreatment of cells with PJ34 only partially inhibits cell death both induced by imatinib or DNA-alkylating agents. In contrast, PARP inhibition completely blocks MNNG-mediated cell death in other cellular systems like astrocytes 39 and MEFs (our results and previous published data 25 ). Therefore, it has to be concluded that the choice between the different alternative and/or parallel cell death pathways not only depends on the stress stimulus but also on the cell type affected.
It has been reported previously that imatinib induces a caspase-dependent mitochondrial apoptosis. 20, 40 However, our results and other previously published data 21 demonstrate that the broad caspase inhibitor zVAD fails to completely block imatinib-induced cell death indicating that both caspasedependent and -independent cell death pathways are activated. Our results show that both the PARP activation and the induction of caspases play a comparable role for the induction of cell death in imatinib-treated Bcr-Abl-positive cells. Inhibition of one of these pathways was not sufficient to completely block imatinib-induced cell death in our cell system. However, simultaneous inhibition of both caspase and PARP-dependent pathways had an additive cytoprotective effect suggesting that Role of PARP in imatinib-induced cell death A Moehring et al these pathways coexist independent of each other. The discussion how overactivation of PARP leads to cell death is still controversial. The observation that PAR leads to a massive utilization of NAD þ and subsequent consumption of ATP led to the 'suicide hypothesis'. 41 However, direct evidence that PARP-dependent cell death bases only on energy depletion is still lacking. Imatinib did not lead to a significant loss of ATP content in our cell systems during the first hours arguing against the view that energy depletion might be sufficient for PARP-dependent cell death. Recent studies indicate that AIF may be a key mediator of cell death downstream of PARP activation. 42 AIF translocates from the mitochondrial intermembrane space to the nucleus where it mediates DNA fragmentation and nuclear condensation. (4 mM), resuspended in semisolid RPMI containing 0.3% agar and plated at a density of 100 cells per well in six-well plates. Cells were incubated for 7 days for BaF3BA or 14 days for MEG-01, respectively, and colonies larger than 50 cells were counted. Values reflect the mean7S.E.M. of eight (BaF3BA) and seven (MEG-01) independent experiments. The differences were significant as revealed by two-sided paired Student's t test (**Po0.01; ***Po0.001) However, it is completely unclear how PARP activity triggers the release of AIF. Furthermore, it is controversial whether caspase activity is required for AIF release. 43, 44 At early time points we did not observe AIF translocation from the mitochondria to the nucleus in BaF3 cells after imatinib treatment (data not shown). This is consistent with recently published results showing that imatinib does not induce AIF translocation in Bcr-Abl-positive BV173 cells. 21 Further studies are required to understand the mechanisms how PARP-mediated PAR triggers mitochondrial processes and cell death in cells treated with DNA-damaging agents or imatinib.
The imatinib effect on PAR formation is restricted to cells expressing imatinib sensitive Bcr-Abl, indicating that the kinase activity of Bcr-Abl prevents PAR. Importantly, inhibition of PI3-K was sufficient to induce PAR formation to a comparable extent to that observed with imatinib. Although LY294002 and wortmannin are known as inhibitors of the PI3-K pathway, they also inhibit several other enzymes involved in cell cycle regulation and DNA repair, including ATM, ATR, 45 and DNA-PK. 46 From our data, it cannot be ruled out that inhibition of these enzymes may induce PAR formation. However, there is no evidence that imatinib influences the activity of these DNA damage sensors nor have these enzymes been implicated in imatinib-induced cell death so far. Therefore, it is more likely that the inhibition of the PI3-K pathway is responsible for both LY294002/wortmannin and imatinib-induced PAR formation. At this point, it is important to mention that treatment of cells with LY294002/wortmannin for up to 6 h did not induce cell death. This is in contrast to the effect seen with imatinib. Therefore, PARP-induced ribosylation seems to be a prerequisite but is not sufficient to induce cell death in imatinib-treated Bcr-Abl-positive cells. This suggests that beside PAR a second (yet unknown) signal seems to be essential for the PARP-dependent cell death execution. The evidence that PI3-K directly or indirectly inhibits one of these signals, namely PAR, may be of clinical importance: inhibition of PI3-K and thereby induction of PAR may possibly sensitize tumor cells for clinically relevant drugs. Many of the known downstream effects of PI3-K are mediated through Akt. 47 Akt interacts with a wide range of downstream effectors affecting cell proliferation, cell growth, and survival. 48 Most of the known targets of Akt become inactivated upon phosphorylation. 49 It remains to be elucidated if PARP is directly or indirectly inhibited by PI3-K signaling.
In conclusion, our data suggest a direct role for PAR in the cell death processes subsequent to inhibition of Bcr-Abl. We further demonstrate that caspase-dependent and caspaseindependent cell death pathways are activated after withdrawal of survival signals provided by Bcr-Abl. Optimal induction of cell death by imatinib requires the function of both pathways. Pharmacological manipulation of PARP and its antagonist may, therefore, serve as a strategy to modulate the antineoplastic efficacy not only of imatinib but also of radiotherapy and chemotherapy.
Materials and Methods

Cell culture
BaF3BA (expressing p185bcr-abl), kindly provided by J Duyster (Munich, Germany), were generated by transforming the murine factor-dependent pro-B cell line BaF3 with pSLXBcr-Abl. The factor-independent murine 32DBA oligoclonal cell line (expressing p210bcr-abl) was generated by transfecting the parental 32D cells with the retroviral vector Mig-p210 50 or Mig-p210-T315I. The Bcr-Abl-positive human cell line M07BA was kindly provided by M Hallek (Munich, Germany) and generated by electroporation of M07e cells with the pGD210 plasmid. The human cell line MEG-01, 51 a Philadelphia chromosome-positive (Ph þ ) megakaryoblastic cell line, was purchased from DSMZ cell culture collection (DSMZ, Braunschweig, Germany). Human cell lines were cultivated in RPMI 1640 (Biochrom, Berlin, Germany) complemented with 10% fetal calf serum and glutamine. Experiments with BaF3 and 32D cells were performed in serum-free medium (UltraCULTURE, Bio Whittaker, Belgium).
Reagents
Imatinib mesylate (STI571, Gleevec s ) was kindly provided by Novartis Pharma AG (Basel, Switzerland). A stock solution (10 mg/ml) was prepared by dissolving the compound in DMSO : H 2 O (1 : 1) and was stored at À201C. Imatinib was used at a concentration of 1 mM for BaF3BA, 32DBA, and M07BA cells and 3 mM for MEG-01 cells. Other reagents were used at the following concentrations: PARP inhibitor PJ34, 4 mM; PI3-K inhibitor wortmannin, 200 nM; PI3-K inhibitor LY294002, 25 mM; MEK inhibitor PD98059, 25 mM; m-TOR inhibitor rapamycin, 10 ng/ mL; broad caspase inhibitor zVAD, 50 mM. The inhibitors were obtained from Calbiochem (Merck, Darmstadt, Germany) with the exception of zVAD (Bachem, Bubendorf, Switzerland) and dissolved in DMSO with the exception of PJ34 (H 2 O).
For combination of PJ34, zVAD, and imatinib, cells were incubated with PJ34 and zVAD for 2 h prior to imatinib.
Protein extraction to analyze basal and stimulated PAR levels
Whole-cell pellets were resuspended in 200-250 ml of a reducing lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 6 M urea, 5% bmercapthoethanol, 2% SDS with proteases inhibitors (Complete, Roche Diagnostics GmbH, Mannheim, Germany). To break out-coming DNA, the viscous solution was sonicated on ice for 20 s. Samples were heated at 651C for 15 min before loading on a 7.5% SDS-polyacrylamide gel. 
Analysis of protein expression
Proteins were transferred to nitrocellulose membranes (Schleicher & Schuell, Bioscience GmbH, Dassel, Germany) for Western blot analysis. The blots were blocked in 5% nonfat dry milk in TBS-Tween and incubated with PAR antibody at 1 : 10 000 dilution (anti-PAR, Alexis s Biochemicals, Qbiogene Inc., Carlsbad, CA, USA) recognizing poly(ADP-ribose) of 6-100 bases in size. Afterwards, blots were incubated with secondary antibody (goat anti-rabbit) conjugated to horseradish peroxidase (diluted 1 : 10 000; Jackson ImmunoResearch, West Grove, PA, USA) and bound antibodies were detected by chemiluminescence (Pierce Biotechnology, Rockford, IL, USA). Equal loading was controlled by reprobing with anti-GAPDH antibody (1 : 10 000, Biodesign, Kennebunk, ME, USA) or anti-bactin antibody (1 : 5000, Sigma, Taufkirchen, Germany) were used as a loading control.
PARP-1 protein expression was analyzed in BaF3BA using the monclonal mouse anti-poly(APD-ribose) polymerase antibody (Zymed s Laboratories Inc., San Francisco, CA, USA). Western blot analysis was performed, as described above.
Cell extract preparation and Western blot analysis of phosphorylated proteins
Extracts were prepared as described previously. 19 One hundred mg Protein/lane was run on 7.5% SDS-polyacrylamide gel and then transferred to nitrocellulose membranes (Schleicher & Schuell, Bioscience GmbH, Dassel, Germany) using a semidry transfer system (BioRad, Hercules, CA, USA). The membranes were blocked, stained with antibodies of interest (anti-phospho-Akt, anti-Akt, anti-phosphop44MAPK, anti-phospho-S6-ribosomal protein) as recommended by the manufacturer (Cell Signaling, Beverly, MA, USA) and visualized by chemiluminescence (Pierce Biotechnology, Rockford, IL, USA).
Colony-forming ability assay
Following pulse-treatment with imatinib, cells were resuspended in semisolid RPMI containing 0.3% agar and plated at a density of 100 cells per well in six-well plates. Cells were then incubated for 7 days (BaF3BA) or 14 days (MEG-01). Colonies larger than 50 cells were counted.
Detection of apoptosis
The translocation of phosphatidylserine residues from the inner to the outer side of plasma membrane was assessed by FITC-conjugated Annexin V staining (Pharmingen, San Diego, CA, USA). The staining was performed according to the manufacturers' instructions. The staining solution contains PI (a red DNA-binding fluorochrom) to identify cells that have lost their membrane integrity. Cells were analyzed by flow cytometry. Mitochondrial membrane potential was determined using Tetramethylrhodamine Methylester staining (TMRM, Molecular Probes Inc., Eugene, OR, USA). Cells were harvested and washed with PBS once and then loaded with 50 nM TMRM and incubated for 20 min at 371C. TMRM staining was analyzed by FACScan and CellQuest software (Becton Dickinson, San Jose, CA, USA).
Cell cycle analyses
After treatment, cells were pelleted and fixed in 70% ethanol at 41C over night. Next day, cells were stained as described previously 52 and cell cycle analyses were performed by determination of DNA content using FACScan (Becton Dickinson).
FITC-TUNEL Flow cytometric assay
Apoptotic DNA strand breaks were measured by labeling with FITC-dUTP using terminal deoxynucleotidyltransferase purchased from ''In Situ Cell Detection Kit'' (Roche, Mannheim, Germany). In brief, cells were washed in PBS, fixed for 30 min in 4% paraformaldehyde, and permeabilized in 0.1% sodium citrate, 0.1% Triton X-100 for 2 min on ice. Cells washed in PBS for two times and incubated for 60 min at 371C with 50 ml of TUNEL reaction mixture. Cells were then washed in PBS twice and analyzed for FITC fluorescence using FACScan (Becton Dickinson).
Determination of ATP
For ATP determination, 10 000 cells were lysed in a cell lysis reagent (DCS Innovative Diagnostik-Systeme, Hamburg, Germany). ATP content was determined according to the manufacturer's instructions (DCS Innovative Diagnostik-Systeme, Hamburg, Germany). The reconstituted buffer containing the Luciferin and Luciferase was mixed with cell lysate and luminescence was analyzed in an ELISA reader.
Statistics
Data are expressed as S.E. M. Changes in paired samples (treatment with imatinib alone versus preincubation with PJ34 and subsequent treatment with imatinib) were analyzed using two-sided paired Student's t-test.
